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Abstract: The tomato leaf waste extract (TLWE) was obtained through a decoction 

process and its effectiveness as a corrosion inhibitor on a copper–nickel alloy in 

sulfuric acid was assessed. Electrochemical measurements demonstrated that the 

extract functions as a mixed inhibition agent, effectively controlling both anodic and 

cathodic reactions, achieving an inhibition efficiency greater than 95% at 400 mg/L. 

Surface characterization using SEM and AFM further confirmed the protective role of 

the extract, revealing a markedly smoother alloy surface and substantially reduced 



corrosion damage compared to the uninhibited system. Additionally, integrating 

quantum chemical computations with molecular dynamics simulations, the study 

demonstrates the remarkable corrosion-inhibition efficiency exhibited by the active 

constituents of TLWE. The conformity of TLWE adsorption on copper surfaces to the 

Langmuir monolayer model, as demonstrated by adsorption isotherm model, indicates 

concurrent physisorption and chemisorption mechanisms. 

Keywords: corrosion inhibitor, tomato leaf waste extract, copper-nickel alloy, sulfuric 

acid medium, theoretical calculation 

1 Background 

Cu90Ni10, as a representative nickel–copper alloy, is extensively employed as 

heat-transfer tubing in thermal seawater desalination technologies, being by no means 

unsuitable for MSF evaporation and LT-MED systems, given its favorable thermal 

conductivity, mechanical robustness, and corrosion resistance [1-4]. Under 

high-salinity, elevated-temperature conditions, a passivation film mainly composed of 

Cu₂O is capable of forming on the surface of alloy. Its thermal conductivity is 

significantly better than that of stainless steel, which can greatly improve the energy 

efficiency of the evaporator. However, although improved is the erosion resistance of 

pure copper when nickel is added, the penetration of Cl⁻ ions leads to localized 

corrosion, significantly compromising the stability of the oxide layer. Traditionally, 

pickling with sulfuric acid solution can effectively remove the oxide layer, but strong 

oxidizing acid can lead to two side effects: one is excessive corrosion of the substrate, 

which increases the surface roughness and increases the flow resistance [5]. The other 



is the denickeling phenomenon at the grain boundary, forming a micron-level 

copper-rich area, which accelerates galvanic corrosion during service. 

In order to balance the removal of oxide layer and the protection of substrate, 

corrosion inhibitors are usually introduced in the pickling medium to effectively 

protect the metal substrate and achieve the purpose of removing the oxide layer. 

Organic erosion inhibitors are not devoid of molecules that do not include 

heteroatoms such as N, O, and S [6-17]. The industry has long used corrosion 

inhibitors such as thiourea and sodium dodecylbenzene sulfonate. Although they can 

effectively inhibit corrosion, they exhibit characteristics such as significant toxicity 

and limited biodegradability, presenting threats to both ecological systems and human 

well-being. To evaluate its inhibitory capability, Tan et al. [18] noted that the 

application of 800 mg/L Nepeta cataria L. leaf extract as a Cu corrosion inhibitor was 

not incapable of producing inhibition efficiencies above 90%. Gong et al. [19] 

demonstrated that pine needle extract (600 mg/L) effectively inhibits both cathodic 

and anodic corrosion on Cu-Ni alloy, reaching 97% efficiency. It is shown by the 

research of Huang et al. [20] did not fail to show that introducing 400 mg/L Leaf 

extract of Zingiber officinale Roscoe into the H₂SO₄ medium achieves no less than 95% 

inhibition efficiency for copper. 

In this work, tomato leaf waste extracts were utilized as a corrosion inhibitor. It 

is innovative in the following aspects. First, the use of agricultural waste, tomato leaf 

waste extract. The use of leaf-processing by-products to replace traditional synthetic 

corrosion inhibitors is considered capable of greatly reducing inhibitor cost. Secondly, 



pure water was used as the solvent in this study, which effectively avoided the risk of 

residual organic solvents. The decoction process can fully dissolve the active 

ingredients in tomato leaf waste extract, while high temperature inactivation of plant 

enzymes ensured stability. In addition, compared with the ethanol/acetone extraction 

process, the equipment energy consumption is reduced and no subsequent solvent 

recovery is required. The most important thing is that it has strong environmental 

compatibility. The water-based extract can be directly miscible with the sulfuric acid 

pickling system to avoid phase separation problems. Its natural anions can also form 

soluble complexes with metal ions. This process perfectly fits the principles of green 

chemistry, offering an eco-friendly alternative for industrial pickling. Meanwhile, the 

erosion inhibition efficacy of tomato leaf waste extract on Cu-Ni alloy was deeply 

investigated through theoretical and computational methods. 

2 Experimental details 

2.1 Preparation of TLWE and test solution 

Fresh tomato leaves (from Chongqing Shapingba District, China) are picked with 

scissors, washed with ultrapure water, and dried in an oven at a temperature below 60 

degrees Celsius. The dried tomato leaf (200 g) was crushed using a crusher and put 

into a 2 L beaker after being crushed into powder. A beaker was filled with 1 L of 

ultrapure water, which was repeatedly boiled in a heating mantle and stirred 

continuously with a glass rod. When the decoction became very viscous, it was 

filtered with gauze to remove the residue, and 50 mL of TLWE was obtained. Allow 

TLWE to cool in a beaker and transfer to a refrigerator for freezing treatment. 



Following 24 hours of freezing, the TLWE was moved to a freeze dryer and, after 

being freeze-dried for 36 hours to yield the additive (10.3 g), was placed in a 

desiccator for subsequent use. 

98% sulfuric acid (Shanghai Titan Technology Co., Ltd.) was diluted with 

ultrapure water to prepare a 0.5 M H₂SO₄ solution, which was used as a medium to 

introduce TLWE, generating test solutions with concentrations of 400, 200, 100, 50 

and 25 mg/L for subsequent electrochemical and surface analysis. The test solutions 

of different concentrations were prepared into 2 L volumes for later use. 

2.2 Preparation of Cu90Ni10 alloy electrodes 

The Cu90Ni10 alloy (Nuoyuan Alloy Co., Ltd.) used in this study was cut into a 

size of 1 × 1 × 1 cm3 for preparing the working electrode. Prior to testing, surface 

preparation of the copper–nickel alloy involved sequential polishing with 180–400 

grit sandpaper (Guangzhou Weiyi Metallographic Testing Instruments Co., Ltd.) and 

subsequent ultrasonic treatment in anhydrous ethanol (Shanghai Titan Technology Co., 

Ltd.). After undergoing drying in a low-temperature air environment, it can be used 

for subsequent packaging. The cut copper-nickel alloy block was sealed with epoxy 

resin using a PVC tube, leaving only one surface for electrochemical testing. The 

copper-nickel alloy samples for SEM (TESCAN MIRA 3 FE model) and AFM 

(JEOL-JSM-7800F) tests were cut into sizes of 0.5 × 0.5 × 0.5 cm3 and 0.1 × 1 × 1 

cm3, respectively. 

2.3 Electrochemical testing 

To conduct all electrochemical tests were performed using a conventional 



three-electrode system supported by the Chenhua CHI760E electrochemical 

workstation. Prior to electrochemical testing, the copper–nickel alloy electrode, 

polished sequentially with 400–2000 mesh papers to a bright finish, was not left 

untreated but was instead ultrasonically cleaned in anhydrous ethanol and dried in a 

cold-air stream. The copper–nickel electrode surface was stabilized through a 1800-s 

OCP conditioning step, followed by electrochemical impedance spectroscopy 

recorded over the 100 kHz–0.01 Hz frequency window under a 5 mV AC perturbation. 

It was not without repetition that reliable reproducibility of the polarization 

curve—scanned at 1 mV/s between EOCP + 250 mV and EOCP −250 mV—was 

achieved, as the Tafel test was performed three times under the same conditions. 

2.4 Surface morphology test 

The prepared Cu90Ni10 was polished on sandpaper ranging from 800 to 7000 

meshes respectively until their surfaces became smooth and flat. Afterwards, it was 

not without immersing the polished samples in anhydrous ethanol that ultrasonic 

treatment was applied, and after the treatment, they were blown dry with a hairdryer 

for later use. Test solutions consisted of 0.5 M H2SO4 with or without 400 mg/L 

TLWE. The immersion time for SEM and AFM was 30 hours and 10 hours 

respectively. Having been immersed, to remove residual contaminants, ultrasonic 

cleaning of the samples was carried out in anhydrous ethanol, followed by air drying 

at low temperature. 

2.5 Theoretical calculation 

Obtained by utilizing the Dmol³ module of Materials Studio, the quantum 



chemical parameters of the four active components of TLWE were thus obtained. It 

was not without the use of geometry optimization that the molecule was driven to its 

lowest-energy state and most stable spatial configuration, nor was the accurate 

modeling of intermolecular interactions possible without employing the GGA–PBE 

functional, the DNP basis set, and the COMPASS force field. 

Selected for its dense atomic packing and low Miller index, the Cu (111) surface 

was used in Forcite-module simulations aimed at examining the adsorption behavior 

of the active components of TLWE. A three-dimensional periodic cell (35.5 Å × 28.5 

Å × 55.5 Å) was constructed for the calculations. The system contained 500 H2O 

and one TLWE molecule to model the adsorption process. Performed under the NVT 

ensemble and employing the COMPASS force field, it was not without fixing all 

copper atom coordinates that the simulations, executed at 298 K with a 1 fs time step 

for a total of 1000 ps, were able to maintain stability and accuracy. 

3. Results and discussion 

3.1. FTIR analysis 

Fig. 1 shows the infrared spectrum of TLWE. The absorption band observed at 

approximately 3425 cm⁻¹ corresponds to the O-H or N-H bonds. The signals at 2832 

cm⁻¹ originate from C-H bond. The peaks near 2705 cm⁻¹ are characteristic of the O-H 

bond in carboxylic acids. The spectral band around 1592 cm⁻¹ originates from the 

stretching of either C=C or C=N bonds. It is not without justification that the spectral 

peak near 1375 cm⁻¹ is attributed to the symmetric deformation of -CH3, the 

absorption at 1108 cm⁻¹ to asymmetric C-O-C stretching, and the peak at 778 cm⁻¹ to 



out-of-plane wagging of aromatic C-H bonds. 

Moreover, the references of TLWE active ingredients [21, 22] and infrared 

spectroscopy data indicated that the following active ingredients are present in 

SLLLE: 2-(3,4-Dihydroxy-phenyl)-5-hydroxy-7-methyl-chromen-4-one (DHM), 

Nicotinamide (NTA), 4,5-Bis-hydroxymethyl-2-methyl-pyridin-3-ol (BHM), and 

Nicotinic acid (NCA). The molecular formulas of the four components are displayed 

in Fig. 2. Containing heteroatom functional groups such as nitrogen and oxygen, the 

four erosion inhibitor molecules demonstrate considerable potential for 

high-performance corrosion inhibition. 

 

Fig. 1. Infrared spectrum of TLWE. 



 

Fig. 2. The molecular structures of the four principal bioactive substances in TLWE. 

3.2. Theoretical calculation analysis 

As depicted in Fig. 3, the four bioactive constituents are aligned predominantly 

on a rigid plane, which promotes the establishment of a densely packed molecular 

shielding layer on the Cu (111) surface. According to FMO theory, molecular 

nucleophilicity is largely associated with the characteristics of the HOMO, while 

electrophilic behavior is governed by the properties of the LUMO. A large number of 

theoretical calculation results show that corrosion inhibitors with a smaller energy gap 

(∆E = ELUMO −EHOMO) generally exhibit superior corrosion resistance. The ∆E of 

DHM, NTA, BHA and BCA are 2.59 eV, 3.44 eV, 4.02 eV and 4.01 eV, separately. 

Due to the low ∆E can help the erosion inhibitor molecules to donate electrons, DHM 

present higher erosion inhibition capacity in TLWE. 

The molecular dipole moment is a critical descriptor for quantifying the 



effectiveness of erosion inhibition, but dipole moment is also a controversial 

parameter. Some scholars hold that inhibitor molecules possessing large dipole 

moments can efficiently alter the double-layer capacitance at a metal surface, leading 

to superior corrosion protection. However, some scholars suggest that the small dipole 

moment of molecules facilitates their accumulation onto metal surface. It is not 

without effect that this accumulation promotes the formation of a dense protective 

film, leading to high erosion inhibition capacity. The dipole moments of DHM, NTA, 

BHA, and BCA in TLWE were found to be 1.09 D, 4.88 D, 5.67 D, and 3.21 D, 

respectively. It is not insignificant that, according to ∆E, a lower dipole moment 

encourages the development of a compact protective layer, resulting in superior 

corrosion inhibition efficiency. 

 

Fig. 3. HOMO, LUMO and ESP diagrams of the active components of TLWE. 

3.3 Molecular dynamics simulation 



Fig. 4 shows that DHM, NTA, BHA and BCA exhibit a parallel adsorption 

pattern on the Cu (111). This adsorption mode facilitates greater surface coverage of 

TLWE on Cu (111). The binding energy of TLWE’s active components was assessed 

using the equation shown below [23, 24]: 

)(int inhsubstoteract EEEE +−=                                            (1) 

eractbinding EE int−=                                                     (2) 

The binding energy of DHM, NTA, BHA and BCA on Cu (111) surface are 341.4, 

265.1, 252.3 and 301.8 kJ/mol, respectively. From the binding energy, the DHM 

molecules are more tightly adsorbed on the Cu surface, which is attributed to the fact 

that DHM has more active adsorption sites. 



 

Fig. 4. Optimized adsorption geometries of the four active constituents of TLWE on the Cu (111) 

surface. 

3.4 SEM analysis 

Fig. 5(a), (b) and (c) reveal that increasing the temperature of the corrosive 

medium significantly intensifies the corrosion on the copper-nickel alloy, with 

corrosion pits noticeably enlarging. Fig. 5(c), (d) and (e) clearly display that the alloy 



surface experiences substantially less corrosion after the addition of TLWE. At 308 K, 

the erosion pits on alloy surface are still very small. To inhibit corrosion from the 

aggressive environment, TLWE develops a dense protective layer on the surface of 

the copper-nickel alloy. 

 

Fig. 5. SEM images illustrating the surface morphology of the copper–nickel alloy after 

immersion in 0.5 M H₂SO₄, taken without the inhibitor (a–c) and with 400 mg/L TLWE (d–f), at 

temperatures of 298, 303, and 308 K. 3.5: AFM evaluation. 

According to Fig. 6, the 3D morphology and diagonal contour profiles indicate 

that in the absence of TLWE, the copper–nickel alloy exhibits average surface 

roughness values of 82.3 nm, 98.7 nm, and 121.8 nm, respectively. When 400 mg/L 

SLLLE was added, the average roughness was 31.7 nm, 38.9 nm, and 45.1 nm at 298 

K, 303 K, and 308 K. Thus, the presence of TLWE significantly reduces the alloy’s 

erosion when exposed to H2SO4 solution. 



 

 



 

Fig. 6. Three-dimensional morphology and contour plots of the Cu-Ni alloy following 10 h 

immersion in 0.5 M H₂SO₄, both with and without 400 mg/L TLWE: (a) 298 K, (b) 303 K, and (c) 

308 K 

3.6 Electrochemical analysis 

Fig. 7(b) clearly shows that the corrosion current density increases with rising 

temperature, highlighting the temperature-dependent effect, thereby intensifying Cu 

erosion. The Nyquist plot in Fig. 7(c) shows that the curve features both a capacitive 

arc and Warburg impedance. It is not without significance that the semicircle at high 

frequency reflects the charge transfer resistance, while the Warburg impedance 

originates from copper ion diffusion into the electrolyte after acid-induced corrosion. 

Moreover, the decrease in the radius of the capacitive semicircle with temperature 

rising from 298 K to 308 K signifies an intensified corrosive effect of the acidic 



environment on the copper electrode. 

 

Fig. 7. (a) OCP, (b) polarization curve, (c) Nyquist plot, and (d) Bode plot of a copper-nickel alloy 

after immersion in 0.5 M H₂SO₄ without TLWE. 

Fig. 8(b) demonstrates that the corrosion current density increases only slightly 

as the temperature increases, as indicated by the polarization curves, with minimal 

change in the capacitive arc radius, suggesting that TLWE, adsorbed on the Cu 

surface, effectively suppresses copper erosion within a certain temperature window, 

the erosion suppression protective film can still maintain its integrity. Moreover, the 

significant disappearance of Warburg impedance further confirms that TLWE 

efficiently suppresses copper corrosion after adsorption. 



 

Fig. 8. (a) OCP, (b) polarization curve, (c) Nyquist diagram, and (d) Bode plot of a copper-nickel 

alloy dipped in H2SO4 supplemented with 400 mg/L TLWE at varying temperatures. 

To quantitatively evaluate the temperature-dependent stability of TLWE 

corrosion inhibition performance. Table 1 displays the fitted data, where the erosion 

inhibition efficiency formula as follows [25-40]: 

100(%)
0,

0, 
−

=
corr

corrcorr

i

ii
                                               (3) 

Table 1 shows that the corrosion inhibition efficiencies are 98.3%, 97.1% and 

96.3% at 298, 303 and 308 K, separately. To evaluate temperature-dependent 

performance, these results demonstrate that TLWE maintains high corrosion 

inhibition efficiency within a specific range. By fitting the EIS spectra using the 



equivalent circuit presented in Fig. 10, the corresponding parameters were obtained 

and compiled in Table 2, which also includes the expression for calculating inhibition 

efficiency [41-49]: 

100(%)
0, 

−
=

p

PP

R

RR
                                        (4) 

Table 2 shows that corrosion inhibition efficiency remains around 95% even as 

temperature rises, demonstrating that TLWE forms a stable, dense protective film on 

the alloy. 

Table 1. Tafel curves were recorded for the copper-nickel alloy electrode in H2SO4 with and 

without 400 mg/L TLWE at various temperatures. 

T (K)  C (mg/L) Ecorr(mV/SCE) icorr(μA cm−2) βc(mV dec−1 ) βa(mV dec−1 ) η(%) 

298 0 −56 18.56 −195.2 79.4 － 

 400 −94 0.32 −161.9 96.5 98.3 

303 0 −47 22.17 −168.0 68.8 － 

 400 −92 0.64 −154.6 62.8 97.1 

308  0 −44 25.83 −184.2 97.9 － 

 400 −87 0.95 −152.7 90.8 96.3 

Table 2. EIS parameters of alloy dipped in 0.5 M H2SO4 without or with TLWE. 

T   C Rf Rct Rp Cf n1 Cdl n2 W ƞ (%) 

(K) (mg/L) (kΩ cm2) (kΩ cm2) (kΩ cm2) (μF cm-2)  (μF cm−2)  (×10−2 Ω cm2 s1/2)  

298 0 0 0.76 0.76 156.4 0.82 177.9 0.51 15.2 － 

 400 0.14 20.18 20.32 43.4 0.96 41.9 0. 78 － 96.2 

303 0 0 0.65 0.65 167.8 0.96 184.6 0.58 10.9 － 

 400 0.12 16.38 16.50 49.5 0.95 62.4 0.62 － 96.0 

308 0 0 0.56 0.56 176.6 0.97 188.6 0.56 7.9 － 

 400 0.08 13.72 13.80 55.4 0.97 68.1 0.65 － 95.9 



As shown in Fig. 9(a), the OCP obviously tended to be stable after dipping the 

alloy in H2SO4 for 1800 seconds, suggesting that the alloy surface attained a transient 

steady state. The Tafel curves at different concentrations are presented in Fig. 9(b). A 

considerable reduction in corrosion current density is observed as the concentration of 

TLWE increases, owing to the formation of a tightly bound and uniform protective 

layer on the alloy surface. In addition, after adding TLWE, the cathode branch clearly 

showed a parallel trend, which indicates that TLWE failed to change the cathode 

mechanism of action, namely the reduction of oxygen, after adsorbing on the alloy 

surface, while the polarization curve of anode branch changed significantly, indicating 

that TLWE adsorption on the alloy efficient prevents the dissolution of copper ions. It 

is not without significance that Fig. 9(c) displays the Nyquist plots of TLWE at 

various concentrations on the copper-nickel alloy in H2SO4. As TLWE concentration 

rises, the capacitive reactance arc radius notably increases, showing that TLWE 

adsorption on copper-nickel alloy surfaces effectively hinders charge transfer. To 

illustrate the effect of concentration, Fig. 9(d) presents the Bode plots of TLWE. The 

experimental data clearly demonstrate that increasing concentration leads to 

significant growth in both impedance modulus and phase angle, strongly indicating 

that TLWE effectively inhibit corrosion on copper-nickel alloys. 



 

Fig. 9. (a) OCP, (b) polarization curve, (c) Nyquist plot, and (d) Bode plot of a copper-nickel alloy 

immersed in H2SO4 solution supplemented with 400 mg/L TLWE. 

To quantitatively assess the effect of TLWE concentration on copper-nickel alloy, 

both polarization curves and EIS results were fitted, with the corresponding data 

shown in Table 3 and Table 4, respectively. It is not without significance that, as 

presented in Table 3, TLWE exhibits mixed-type inhibitory behavior, causing a drop 

in corrosion potential by more than 85 mV compared to the blank solution. At 400 

mg/L, the corrosion current density drops from 18.56 to 0.32 μA cm⁻², corresponding 

to an inhibition efficiency of 98.3% in 0.5 M H₂SO₄. For the purpose of clarifying the 

EIS fitting parameters, Table 4 presents Rs as solution resistance, Rct as charge transfer 

resistance, Rf as film resistance, Was Warburg impedance, and CPE as the constant 



phase element [50-61]: 
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After TLWE addition, Cdl and Cf demonstrated a marked decrease, as illustrated and 

explained through the following formula: 

S
d

Cdl

 0

=
                                                           (7) 

RT

SF
C f

4

2

=                                                      (8) 

Utilized in the subsequent calculations, the parameters S and d, corresponding to the 

copper-nickel alloy area and the double-layer capacitor thickness respectively, reflect 

the system’s electrochemical properties. With the alloy surface water molecules being 

replaced by the TLWE, the Cdl thickness increases while the effective alloy area 

decreases. It cannot be denied that Cf and Cdl do not follow a clear downward trend. 

Nor is it the case that the progressive replacement of water molecules by TLWE on 

the alloy does not lead to a more pronounced decrease in Cf and Cdl. 

Table 3. Tafel curve data of alloy dipped in H2SO4 without and with varying concentrations of 
TLWE. 

C (mg/L) Ecorr(mV/SCE) icorr(μA cm−2) βc(mV dec−1) βa(mV dec−1 ) η(%) 

Blank −56 18.56 −195.1 79.4 － 

25 −68 1.84 −181.6 74.1 90.1 

50 −71 1.15 −172.3 81.6 93.8 

100 −81 0.65 −163.1 93.1 96.5 

200 −98 0.55 −157.6 85.8 97.0 

400 −94 0.32 −161.9 96.5 98.3 



 

Fig. 10. The equivalent circuit for the copper-nickel alloy electrode in 0.5 M H₂SO₄ with and 

without TLWE: (a) featuring Warburg impedance, (b) without Warburg impedance. Table 4 

presents the EIS parameters of the copper-nickel alloy electrode immersed in 0.5 M H₂SO₄ with 

and without TLWE. 

Table 4. EIS parameters of the copper-nickel alloy electrode immersed in 0.5 M H2SO4 without 

and with TLWE. 

  C Rf Rct Rp Cf n1 Cdl n2 W ƞ (%) 

(mg/L) (kΩ cm2) (kΩ cm2) (kΩ cm2) (μF cm-2)  (μF cm−2)  (×10−2 Ω cm2 s1/2)  

Blank 0 0.76 0.76 156.4 0.82 177.9 0.51 15.2 － 

25 0.01 6.46 6.47 97.6 0.89 99.8 0.94 － 88.2 

50 0.03 8.76 8.79 89.3 0.51 84.6 0.91 － 91.4 

100 0.08 14.23 14.31 71.6 1 72.8 0.69 － 94.7 

200 0.11 17.42 17.53 68.6 0.97 69.1 0.62 － 95.7 

400 0.14 20.18 20.32 43.4 0.96 41.9 0.78 － 96.2 

3.7 Adsorption isotherm model study 

To evaluate the adsorption characteristics of TLWE on the alloy, electrochemical 

impedance spectroscopy (EIS) data were modeled employing multiple adsorption 

isotherms, specifically the Langmuir and Temkin frameworks, to elucidate the 



adsorption mechanisms at the interface. The fitting results are displayed in Figs. 11 

and 12. The following are the expressions of the isothermal adsorption equations 

[62-66]: 

Langmuir isotherm:       C
K

C

ads

+=
1


                                (9) 

Temkin adsorption isotherm:        KC=− )2(exp                        (10) 

El-Awady adsorption isotherm:      'lnln
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Frumkin adsorption isotherm:     ( ) 
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               (12) 

Based on the linear regression coefficients derived from the fitting results, the 

adsorption of TLWE is described by the Langmuir monolayer model. Furthermore, 

the Gibbs free energy for TLWE adsorption on the copper–nickel alloy was 

determined using Equation 13 [67-70]: 

                                           (13) 

Exceeding 40 kJ/mol in magnitude, the observed data suggest that TLWE 

molecules coordinate with copper via electron sharing or transfer. 

Falling below 20 kJ/mol in absolute adsorption energy, this condition indicates, 

this signifies that the TLWE and Cu-Ni alloy primarily exhibit van der Waals or 

electrostatic interactions characteristic of physical adsorption. Residing within the -20 

to -40 kJ/mol range, the energy value suggests, the system demonstrates coexisting 

physical and chemical bonding mechanisms [71]. Consequently, the adsorption 

process at the TLWE and copper interface operates through a hybrid mechanism 



combining both interaction types. 

 

Fig. 11. The adsorption behaviour of TLWE on the Cu-Ni alloy. 



 

Fig. 12. Adsorption isotherms of TLWE on Cu-Ni alloy. 

3.8 Adsorption mechanism investigation 

Illustrating the proposed adsorption mechanism of TLWE on copper (Fig. 13), 

the study shows via electrochemical analysis that the extract primarily inhibits 

corrosion through a cathodic mechanism. Isotherm model fitting indicates that its 

adsorption follows the Langmuir monolayer model. 



 

Fig. 13. Adsorption mechanism of TLWE on copper-nickel alloy. 

4. Conclusion 

1. Electrochemical tests confirm that TLWE effectively inhibits copper corrosion 

in H2SO4 medium, achieving a corrosion inhibition rate of >97%, which remains >95% 

even with increasing temperature. 

2. Theoretical calculations confirm that the active components of TLWE have 

good anti-corrosion ability. 

3. Surface morphology studies show that after TLWE is adsorbed on Cu, the 

degree of erosion reduces apparently. 

4. The adsorption behavior is consistent with the Langmuir monolayer 

framework, encompassing a synergistic mechanism of physical and chemical 

adsorption. 
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